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The studies on atmospheric turbulence have significant importance in the fields of weather forecast, wind load calculation and wind resources development. Time frequency spectrum is one of the most important functions to describe the wind characteristics. Recent researches concentrate on Lagrangian time frequency spectrum and Lagrangian temporal structure function, the reason is that based on Kolmogorov's similarity law in spatial spectra the Lagrangian time frequency spectrum and temporal structure function have scaling law in the inertial range too. However, whether the Eulerian time frequency spectrum has scaling law is still an open question. The present study is focused on the structure of Eulerian time frequency spectrum and its relationship with Kraichnan's sweeping hypothesis theory.
1,2 As to one of the primary turbulent motion mechanisms in the Eulerian frame, the sweeping effect, the present article also provides an experimental evidence for its existence.
Firstly, we introduce the governing equations of fluctuating velocity from Navier-Stokes equations
Decompose the velocity v i into mean and fluctuating parts as v i = U i + u i , where U i is the mean velocity and u i is the fluctuating velocity. Then, the governing equations for the mean and the fluctuating velocities are
a) Corresponding author. Email: zhaoxin7@gmail.com.
and
From Navier-Stokes equations the main mechanisms of turbulent motion include transport motion by mean flow, shear distortion effect induced by mean shear rate, Reynolds stress effect, viscous diffusion motion as well as sweeping effect and straining effect caused by turbulence. For extremely high Re number atmospheric turbulence, the atmospheric boundary layer is so thin that the high shear rate region is very close to the ground. And thus the shear distortion effect at the height far from the ground is negligible. From the previous theoretical studies, 2 we found that when Re number greatly increases its value, the viscous diffusion effect and straining effect will be reduced compared with the sweeping effect. Therefore, for Eulerian turbulence the sweeping effect is the primary mechanism. But for Lagrangian turbulence, the straining effect is the primary mechanism and implies a scaling law for Lagrangian time frequency spectrum based on Kolmogorov similarity theory. Similarly, in view of Kolmogorov similarity theory and sweeping hypothesis theory, there will be a scaling law in the inertial range. In the following, we will introduce the sweeping hypothesis theory and deduced a scaling law for Eulerian time frequency spectrum.
The sweeping hypothesis theory 1 suggests that the governing equations for fluctuating velocity can be simplified as follows
which actually ignores all other motion mechanisms except for the random sweeping effect induced by mean velocity and turbulent fluctuating velocity. Here, the transport velocity is replaced by random variables
Combination of the sweeping hypothesis with Kolmogorov's similarity law for spatial structure function yields
Here r is the space separation, and there will be a scaling law for Eulerian temporal structure function
Here, V is equal to
, ε is the energy dissipation rate and τ is time. Using the scaling law, it is easy to calculate the time frequency spectrum in the form of
To examine the results of theoretical analysis, we designed a simple experiment to measure the wind velocity parallel to the ground in the atmospheric boundary layer. The measurement duration covered a whole year. The time frequency spectrum was calculated from every day data and took time average over the whole year.
The wind measurement equipments include cup anemometers and wind vanes, and the magnitude of wind speed measured by the cup anemometer and the wind direction signal measured by the wind vane were recorded separately. The applicable range of cup anemometer is from 0.7 m/s to 50 m/s, and its accuracy and resolution are ±2 % and 0.26 m/s, respectively. For the wind vane the applicable range is 0 o to 360 o , and its accuracy and resolution are ±2 % and 3 o , respectively. The working temperature of the equipments is from −35 o C to 70 o C. The cup anemometer and wind vane are installed on a wind tower at 80 m height from the ground. The wind tower is located at longitude 124 o 15.103 and latitude 47 o 37.232 . Denote respectively the magnitude and direction of the wind velocity as u and θ, and the velocity components along the longitude and latitude directions are u sin θ and u cos θ, respectively. The sampling frequency is 1 Hz and the output is 10 min averaged value.
The mean wind velocity is approximately 6.5 m/s, and the characteristic length of atmospheric boundary layer is about 10 3 m. Because the kinetic viscosity of air is 1.5×10 −5 m 2 /s, the Re number is equal to 5×10 8 . The local Re number 3 at the measurement position is equal to 4 × 10 7 . In this section, we will calculate the Eulerian time frequency spectrum and temporal structure function along the longitude and latitude directions. To examine the scaling law of the time frequency spectrum, we plot the spectrum normalized by the power law curve of f −5/3 . Figures 1 and 2 show the time frequency spectrum along the longitude and latitude directions, respectively. We can find out an apparent scaling law for the time frequency spectrum in its inertial range, and its power is approximately equal to −5/3. This phenomenon well supports the prediction of theoretical analysis. The inertial range is from frequency 10 −3 to 10 −1 , and the long inertial range also proves that the sweeping effect is the main motion mechanism of Eulerian turbulence. Figures 3 and 4 represent the time frequency spectrum normalized by power law curve. The spectrum curves become very flat, and the flat range nearly covers the region from frequency 10 −3 to 10 −1 . This observation also supports the existence of sweeping effect.
The temporal structure function against time is plotted in Figs. 5 and 6 , respectively, which also suggest a scaling law in the inertial range, and the inertial range approximately covers the time range from 10 3 to 10 5 . The power of structure function along the longitude direction is a bit larger than 2/3, and the power of structure function along the latitude direction is a bit smaller than 2/3. From this observation, we can conclude that the power of Eulerian temporal structure function's scaling law is close to 2/3, and this conclusion also supports that the sweeping effect is the motion mechanism of Eulerian turbulence.
The present article studies the structure of time frequency spectrum. The scaling law for Eulerian time frequency spectrum and the corresponding temporal structure function are calculated from the sweeping hypothesis and Kolmogorov's similarity law for spatial structure function. The power for Eulerian time frequency spectrum is −5/3, and the power for Eulerian temporal structure function is 2/3.
An experiment was designed to validate this scaling law in the atmospheric turbulence. The Eulerian time frequency spectrum and temporal structure function are plotted in the present article. The results suggest a long inertial range in the time frequency spectrum and well support the conclusion derived from relevant theoretical analysis. Also, the present conclusion proves the existence of the sweeping effect.
One application of the present study is related to a recent theoretical model on Eulerian space-time cor-relation for turbulent shear flows, 4, 5 which is critical to the sound emission from turbulent flows. Just as the Lagrangian space-time correlation, 6 the Eulerian spacetime correlation has also a scale similarity based on the present study on Eulerian temporal structure function and Kolmogorov's similarity law regarding spatial structure function.
